Two tests related to a new safety system for a pressurized water reactor were performed with the ROSA/LSTF (rig of safety assessment/large scale test facility). The tests simulated cold leg small-break loss-of-coolant accidents with 2-inch diameter break using an early steam generator (SG) secondary-side depressurization with or without release of nitrogen gas dissolved in accumulator (ACC) water. The SG depressurization was initiated by fully opening the depressurization valves in both SGs immediately after a safety injection signal. The pressure difference between the primary and SG secondary sides after the actuation of ACC system was larger in the test with the dissolved gas release than that in the test without the dissolved gas release. No core uncovery and heatup took place because of the ACC coolant injection and two-phase natural circulation. Long-term core cooling was ensured by the actuation of low-pressure injection system. The RELAP5 code predicted most of the overall trends of the major thermal-hydraulic responses after adjusting a break discharge coefficient for two-phase discharge flow under the assumption of releasing all the dissolved gas at the vessel upper plenum.
Introduction
The pressurized water reactor (PWR) electric utilities and vender, and so forth, in Japan [1] are progressing to develop a reliable alternative safety measure to cool the reactor core under a small-break loss-of-coolant accident (SBLOCA) of a PWR using an early steam generator (SG) secondary-side depressurization [2] by means of steam discharge through the SG depressurization valves, as shown in Figure 1 . The primary depressurization through the SG depressurization is due to steam condensation in the SG U-tubes. Asaka et al. [3] have reported that the onset timing of the SG depressurization should affect the core cooling by the actuation of accumulator (ACC) system of emergency core cooling system (ECCS) in cold leg SBLOCAs under total failure of high-pressure injection system of ECCS in a PWR. The safety measure of an early SG depressurization promotes an early activation of ACC system to assure the core cooling even under loss of the high-pressure injection system.
The feasibility of the safety measure has been confirmed by tests using the large scale test facility (LSTF) [4] , where full-pressure simulation can be achieved, in the rig of safety assessment (ROSA) program at Japan Atomic Energy Agency since 2011. The LSTF simulates a Westinghousetype four-loop 3423 MW (thermal) PWR by a full-height and 1/48 volumetrically scaled two-loop system. A series of the ROSA/LSTF tests concerning the PWR safety system included the cold leg SBLOCA tests with different break sizes using the early SG depressurization. The authors [5] have shown that core uncovery and heatup took place by core boiloff in the 8-inch diameter break test, and coolant injection from the ACC system was confirmed to be effective in avoiding a significant increase in cladding surface temperature of simulated fuel rods. In contrast, no core uncovery and heatup occurred in the 4-inch diameter break test due to a smaller break flow rate than in the 8-inch diameter break test. When noncondensable gas (nitrogen gas) accumulates in the SG U-tubes due to failure of the ACC system isolation after the coolant injection initiation, degradation in the condensation heat transfer affects the core cooling [6] . Meanwhile, some nitrogen gas is dissolved in water in an ACC tank that is pressurized with nitrogen cover gas [7] . However, there have scarcely been experimental and analytical studies on such dissolved noncondensable gas behavior during SBLOCAs in PWRs. Yonomoto et al. [8, 9] have presented the notion that the SG U-tube flow behavior and the primary loop flow rate should be dependent on the release of noncondensable gas (air) dissolved in the coolant injected by the actuation of a gravity-driven passive safety injection system during the SBLOCA with the SG depressurization in some future PWR design, based on the simulation tests with the ROSA/LSTF. Some researchers [10] [11] [12] have investigated the major thermal-hydraulic responses against influences of the dissolved nitrogen gas release from the ACC tank during the SBLOCAs in the existing PWRs, by calculations with best-estimate computer codes. It is thus necessary to clarify how the release of nitrogen gas dissolved in the ACC water affects the PWR SBLOCA progression with the SG depressurization through integral system tests under the well-defined boundary conditions.
In the research on the PWR safety system, two ROSA/ LSTF tests were conducted simulating the cold leg SBLOCAs with or without the release of nitrogen gas dissolved in the ACC water. The common break-size condition of 2-inch diameter break was selected to well observe the behavior of dissolved nitrogen gas during natural circulation (NC). Only in the test with the release of dissolved nitrogen gas, water containing dissolved nitrogen gas was used as coolant in the ACC tank where a concentration of the dissolved nitrogen gas corresponds to the saturated concentration at the cover gas pressure (to be described in Section 3.2). For each of the LSTF tests, the SG depressurization was initiated by fully opening the depressurization valves in both SGs immediately after a safety injection signal. Flow capacity of the SG depressurization valve at a certain SG secondaryside pressure was almost twice that of a SG relief valve [6] , which is available for the SG depressurization in the reference PWR of the LSTF. Auxiliary feedwater was injected into the secondary side of both SGs about 2 min after the safety injection signal. As a conservative assumption to the core cooling, the ACC system injected coolant into a cold leg in the loop with pressurizer only. The low-pressure injection (LPI) system of the ECCS injected coolant into vessel downcomer through direct vessel injection lines [13] in both loops. The two LSTF tests were analyzed by RELAP5/MOD3.2.1.2 code [14] to clarify the remaining subjects. This paper describes major results from the LSTF tests for the PWR safety system and from the RELAP5 posttest analyses.
ROSA/LSTF
The ROSA/LSTF is the world's largest integral test facility designed to investigate multidimensional thermal-hydraulic responses during PWR transients and accidents. The LSTF simulates a Westinghouse-type four-loop 3423 MW (thermal) PWR by a two-loop system model with full height and 1/48 of the volume. Figure 2 shows the schematic view of the LSTF that is composed of a pressure vessel, pressurizer, and primary loops. Each loop includes an active SG, primary coolant pump, and hot and cold legs. Loops with and without pressurizer are designated as loop-A and loop-B, respectively. Each SG is furnished with 141 full-size U-tubes (innerdiameter of 19.6 mm, nine different lengths as shown in Table 1 ), inlet and outlet plena, boiler section, steam separator, steam dome, steam dryer, main steam line, four downcomer pipes, and other internals. Six U-tubes are instrumented for each SG. Instrumented U-tubes designated as tubes 1 and 6 are short tubes (type 1 in Table 1 ), tubes 2 and 5 are medium tubes (type 5), and tubes 3 and 4 are long tubes (type 9). The hot and cold legs, 207 mm in inner-diameter, are sized to conserve the volumetric scale (2/48) and the ratio of the length to the square root of pipe diameter to better simulate the flow regime transitions in the primary loops [15] . The LSTF core, 3.66 m in active height, consists of 1008 electrically heated rods in 24 rod bundles to simulate the fuel rod assembly in the PWR. Axial core power profile is a 9-step chopped cosine with a peaking factor of 1.495. The radial power profile is achieved by providing three different (high, mean, and low) power bundles with a maximum peaking factor of 1.51 for high-power bundle. The LSTF initial core power of 10 MW corresponds to 14% of the volumetrically scaled (1/48) PWR nominal core power because of a limitation in the capacity of power supply. The core power after the test initiation then is kept constant at 10 MW for a little while before the core power starts to follow predetermined power decay curve. All the types of ECCS furnished to the PWR are equipped in the LSTF.
LSTF Test and RELAP5 Code Analysis Conditions

Common Conditions of LSTF Tests.
The break was simulated by using a sharp-edge orifice, downwardly mounted flush with the cold leg inner surface in loop-B, as shown in Figure 3 . The orifice size corresponds to 2-inch diameter break in a PWR as a subject of this study. The test was initiated by opening a break valve located downstream of the break orifice at time zero. Table 2 shows the major test conditions. Initial steady-state conditions such as pressurizer pressure and fluid temperatures in hot and cold legs were 15.7 MPa, 600 K, and 563 K, respectively, according to the PWR conditions. The LSTF core power decay curve after a scram signal was predetermined on the basis of some calculations of the PWR by Mitsubishi Heavy Industries, Ltd. The LSTF core power was maintained at the initial value of 10 MW for a short while until the scaled core decay power dropped to 10 MW after the scram signal. The LSTF core coolant pumps in both loops. The SG depressurization valve was simulated by using a sharp-edge orifice to provide steam flow rate when SG secondary-side pressure is 8 MPa, which corresponds to almost twice that steam flow rate through a SG relief valve in the reference PWR of the LSTF. The SG depressurization was started by fully opening the depressurization valves in both SGs 10 s after the safety injection signal, taking account of the time of SG main steam isolation valves closure. The auxiliary feedwater was injected into the secondary side of both SGs about 2 min after the safety injection signal, considering the delay time of the auxiliary feedwater pumps actuation. The ACC system automatically initiated the injection of coolant at a constant temperature of 322 K into the cold leg in loop-A only when the primary pressure decreased to about 4 MPa. The ACC system was isolated by the closure of an isolation valve on the ACC injection line when liquid level in the ACC tank decreased to a certain low liquid level to simulate the scaled value of the time-integrated injection flow of the PWR. This system isolation prevents the nitrogen cover gas from entering the primary system. The LPI system automatically started coolant injection at a constant temperature of 322 K into vessel downcomer through direct vessel injection lines in both loops when the primary pressure decreased to 1.0 MPa. The direct vessel injection line was installed between the LPI line end and downcomer nozzle at a certain elevation level below the cold leg. Figure 4 shows the schematic view of the ACC tank and associated apparatus for measurement of the dissolved nitrogen gas concentration. A new gas injection pipe, 23 mm in innerdiameter, was installed in the ACC tank to connect a nitrogen gas line nozzle to a new gas blowing nozzle for nitrogen gas injection. Major procedures to adjust the concentration of the dissolved nitrogen gas in the ACC water are described as follows:
Measurement of Dissolved Nitrogen Gas Concentration.
(1) Temperature of water in the ACC tank was increased up to 322 K by a heater located at the tank bottom, after water level in the tank was fixed at a certain liquid level.
(2) Open an atmospheric air open valve located at the top of the ACC tank.
(3) Nitrogen gas was injected into the ACC tank through the gas blowing nozzle with 18 holes (diameter of 1 mm each), which surrounded the heater for the ACC tank, to replace nitrogen gas under certain conditions of the gas injection rate and duration. (5) During a period until the cover gas pressure increased up to a certain pressure higher than about 4 MPa, nitrogen gas was injected into the ACC tank through the gas blowing nozzle to make nitrogen gas dissolve under certain conditions of the gas injection rate and duration.
(6) During a period until the cover gas pressure decreased down to about 4 MPa, the concentration of the dissolved nitrogen gas in the ACC water was adjusted to the saturated concentration. The initial steady-state conditions shown in Section 3.1 were established after the adjustment of the dissolved nitrogen gas concentration. The procedures for the measurement of the dissolved nitrogen gas concentration are as follows. Water in the ACC tank was collected three times each from two sampling nozzles at different elevations ( Figure 4 ). Water which was collected into a gas sampling bag foams at atmospheric pressure. The sampled gas volume and the sampled water mass then were measured by a measuring cylinder and an electronic scale, respectively. The initial mean concentration [Nm 3 /kg] of the dissolved nitrogen gas was expressed as 
where is the cover gas pressure 
was evaluated to be 97%, indicating that the initial concentration of nitrogen gas dissolved in the ACC water was almost the saturated concentration.
RELAP5 Calculation Conditions.
For each of the LSTF tests, the break was simulated with a sharp-edge orifice. The posttest analysis was performed using the RELAP5 code with a two-phase critical flow model, which has been proposed by Asaka et al. [17] , to well predict the discharge rate through the sharp-edge orifice. The model employs the Bernoulli incompressible orifice flow equation with a break discharge coefficient ( ) of 0.61 for single-phase discharge liquid [18] and the maximum bounding flow theory for two-phase discharge flow [19] . This flow theory assumes that no phase change occurs at all along the flow and that the local slip ratio is equal to ( liquid / gas ) 1/3 , where is the fluid density. of 0.84 was used for single-phase discharge steam [20] . Asaka et al. [17] have revealed the notion that the two-phase break flow rate was somewhat overpredicted by this maximum bounding flow model with of 0.61, while the single-phase break flow rate was well predicted by the above manner, through the posttest analysis of a LSTF test with a sharpedge orifice to simulate the break. To better predict the major thermal-hydraulic response, adjustment of for two-phase discharge flow was tried through some calculations for each of the LSTF tests (to be mentioned in Sections 4.1.2 and 4.2.2). Figure 5 shows a noding schematic of LSTF for RELAP5 analysis. The LSTF system is modeled in one-dimensional manner including a pressure vessel, primary loops, pressurizer, SGs, and SG secondary-side system. The SG U-tubes were modeled by nine parallel flow channels that correspond to nine different lengths of U-tubes, namely, 24 nodes for short-to-medium tubes (straight length of 9.44 to 9.89 m, four cases in Table 1 ) and 26 nodes for medium-to-long tubes (straight length of 10.04 to 10.64 m, five cases), for better prediction of the nonuniform coolant behaviors during NC [21, 22 ] (as will be described in Sections 4.1.1 and 4.2.1). The core was represented by nine equal-height volumes that are vertically stacked according to 9-step chopped cosine power profile along the core length. The radial power distribution then was given considering the peaking factor and the number of high-, mean-, and low-power rod bundles. Other initial and boundary conditions were determined according to the LSTF test data.
In the posttest analysis for the test with the release of dissolved nitrogen gas, it was assumed that all the nitrogen gas dissolved in the ACC water would be released at the vessel upper plenum due to the fluid boiling at the core. All the dissolved nitrogen gas, therefore, was released at one of the nodes for the vessel upper plenum, as shown in Figure 5 . In addition, the dissolved nitrogen gas release was started simultaneously with the ACC coolant injection initiation. Certain values of the dissolved nitrogen gas release flow rate versus the ACC flow rate were given further, based on the estimation using the cover gas pressure and Henry's law constant as a function of the water temperature in (2) mentioned above. . Table 3 summarizes the chronology of major events in the test with the release of dissolved nitrogen gas. Figures 6-16 show the test results. The time-integrated break flow is evaluated from the liquid level increase in the break flow storage tank. Break flow changed from single-phase liquid to two-phase flow soon after liquid level formed at the cold leg, causing a decrease in the break flow rate (Figures 6 and 7) . The primary pressure started to decrease after the break, while the SG secondary-side pressure increased up to 8.2 MPa until the onset of the SG depressurization after the closure of main steam isolation valves in both SGs following the scram signal (Figure 9(a) ). The primary pressure became close to the SG secondary-side pressure by the time the ACC system was actuated because of the SG depressurization ( Figure 8 ). There was some difference between the primary and SG secondary pressures due to the release of nitrogen gas dissolved in the ACC water ( Figure 9(b) ), unlike the test without the release of dissolved nitrogen gas (to be shown in Figure 21(b) ). This latter test result was also different from the results of previous LSTF tests on SBLOCAs with the nitrogen cover gas inflow, which indicated that large pressure difference appeared between the primary and SG secondary sides after the completion of ACC coolant injection [6] . The SG secondary-side collapsed liquid level greatly decreased after the onset of the SG depressurization and gradually recovered by the auxiliary feedwater injection into the SG secondary side (Figure 10 ). Regarding the SG U-tubes in loop-A, the collapsed liquid levels began to drop at 400 s in both long tubes (tubes 3 and 4) and short tubes (tubes 1 and 6) but at 800-850 s in medium tubes (tubes 2 and 5), as shown in Figure 11 . The water column changed in the SG U-tubes in nonuniform manner under NC with the dissolved nitrogen gas. Such nonuniform flow also occurred among the SG Utubes in previous steady-state NC tests with the LSTF under certain low core power conditions [23] . The primary coolant pumps were stopped by 409 s, according to the predetermined pump rotation speed, which affected the primary loop flow rate ( Figure 12 ). NC was established in both primary loops thereafter. Two-phase NC has continued even under the dissolved nitrogen gas release because of liquid level formation at the hot leg and no complete draining of coolant in the SG U-tubes ( Figures  11-13 ). The primary loop flow rate after the ACC actuation, however, was smaller than that in the test without the release of dissolved nitrogen gas (to be shown in Figure 23 ). No core uncovery and heatup took place because of the ACC coolant injection and two-phase NC (Figures 14 and 15 ). The liquid levels at the cold and hot legs recovered by the ACC or LPI actuation (Figures 7, 8, and 13 ). Significant oscillation appeared in the ACC flow rate until the ACC system isolation after around 2250 s because large fluctuation occurred in the cold leg pressure probably due to influences of the dissolved nitrogen gas release (Figure 8 ), unlike the test without the release of dissolved nitrogen gas (to be shown in Figure 20) . Figure 16 shows the measured fluid temperatures near the top of instrumented SG U-tubes shown in Table 1 in loop-A, taking account of the gas phase in the SG U-tubes (Figure 11 ).
LSTF Test and RELAP5 Code Analysis Results
Test with Release of Dissolved Nitrogen Gas
Major Phenomena Observed in the Test
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Exp. The fluid temperatures were compared with the saturated temperature based on the vessel upper plenum pressure as reference. The local gas phase temperatures near the top of the instrumented U-tubes became below the saturated temperature after around 1500 s following the ACC actuation. In most of the instrumented U-tubes, the degree of the subcooling increased with time. These suggest the presence of the dissolved nitrogen gas in the SG U-tubes. The primary and SG secondary-side pressures decreased to 0.9 and 0.6 MPa, respectively, with well-cooled core at 4000 s after the LPI actuation ( Figures 8 and 9(b) ). The total nitrogen gas volume in the U-tubes of both SGs at the test end (break valve closure) was evaluated using the total pressure, which was represented by the SG U-tube pressure estimated from the measured data, and the steam saturation pressure on the basis of the steam temperatures measured at the SG Utubes by assuming 100% relative humidity of saturated steam in steam-gas mixture. The total nitrogen gas volume in the Utubes of both SGs was estimated to be 0.90 Nm 3 . The mean value of the nitrogen gas volume to the steam-gas mixture volume in the SG U-tube would be about 28%, if all the dissolved nitrogen gas was distributed uniformly among the SG U-tubes under the pressure and temperature conditions at the test end.
Comparison of Calculated Results with Test Data.
The RELAP5 code well predicted the break flow rate during single-phase liquid discharge period when a value for single-phase discharge liquid is 0.61, though with a tendency that liquid level formed at the cold leg later in the analysis compared to that in the LSTF test (Figures 6 and 7) . For a value of 0.61 for two-phase discharge flow, the time-integrated break flow was overpredicted until around 1600 s while it was underpredicted thereafter ( Figure 6 ). In the analysis, the cold leg became full of liquid again after the ACC actuation at around 3000 s, unlike the LSTF test (Figure 7 ). The timings of the ACC completion and the LPI actuation were earlier in the analysis compared to the LSTF test (Figure 8 ). When for two-phase discharge flow was adjusted to be 0.52, the timeintegrated break flow was better predicted until around 1500 s while it was underpredicted thereafter. The code reproduced the experimental observation that the cold leg was not full of liquid after the ACC actuation. The timings of the ACC completion and the LPI actuation were in reasonably good agreement with the LSTF test. The code predicted most of the overall trends of the major thermal-hydraulic responses by using of 0.52, as shown in Figures 9-15 . The pressure and collapsed liquid level at the SG secondary side agreed reasonably well with the LSTF test probably due to relatively good prediction of steam discharge rate through the SG depressurization valves (Figures 9 and 10 ).
There were the following differences between the LSTF test and posttest analysis results for the collapsed liquid levels in the SG U-tubes in loop-A (Figure 11 ). In the LSTF test, the liquid levels in the SG short tubes gradually recovered and those in other instrumented tubes quickly recovered after the ACC actuation. In the analysis, on the other hand, the liquid levels in all the modeled tubes gradually decreased after the ACC actuation. This may indicate a difficulty in the prediction of the coexistence of two-phase concurrent flow, contributing to heat transfer from the primary to SG secondary sides, and stagnant two-phase stratified flow. Significant oscillation in the ACC flow rate was not properly calculated probably due to failure of prediction of large (Figure 8 ). The code reproduced two-phase NC as well as no core uncovery and heatup due to rough predictions of the collapsed liquid levels at the SG U-tubes and the core (Figures 12, 14, and 15 ). Owing to inadequate prediction of the ACC flow rate, however, the liquid level recovery at the hot leg and the core was underpredicted after around 1500 s (Figures 13 and 14) . Moreover, the primary loop flow rate was considerably underpredicted after the ACC actuation (Figure 12) , suggesting that the primary cooling via the NC was calculated rather conservatively.
In the code, the condensation heat transfer against influences of noncondensable gas is calculated by using the maximum value between the estimations based on the Shah model for turbulent flow [24] and on the Nusselt model for laminar flow [25] with the multipliers of the VierowSchrock correlation [26] . The multipliers concern the heat transfer degradation expressed as a function of gas mass fraction, which includes effects of the interfacial shear and the gas presence in a vertical tube at low pressures. The code reasonably well predicted the pressure difference between the primary and SG secondary sides under the dissolved nitrogen gas release following the ACC actuation (Figures 8  and 9(b) ). The calculated result confirmed that the simulation methods for the dissolved nitrogen gas release, as mentioned in Section 3.3, were applicable to the posttest analysis.
Calculated gas mass fractions along the length of the modeled U-tube of SG are compared to each other to clarify the accumulation and distribution of the dissolved nitrogen gas, considering the SG U-tube collapsed liquid level ( Figure 11 ). Figure 17 shows the calculated gas mass fractions at the top, intermediate positions between the top and the middle of short, medium, and long tubes of SG in loop-A. In the intermediate position between the top and the middle of downflow side of the SG tubes, the gas mass fractions began to increase at around 850 s after the ACC actuation. Trends of the gas mass fractions were similar among the SG tubes. The gas mass fractions became around 0.4 at 4000 s, suggesting that the dissolved nitrogen gas accumulated in the SG Utubes. (Figures 18 and 19 ). The pressure difference between the primary and SG secondary sides after the ACC actuation was smaller than that in the test with the release of dissolved nitrogen gas (Figures 20 and 21(b) ). The LPI actuation thus was earlier than that in the test with the release of dissolved nitrogen gas ( Figure 20 ). The LPI actuation was also a little earlier than the ACC completion, unlike the test with the release of dissolved nitrogen gas. At the final stages of ACC coolant injection, the ACC flow rate increased greatly over a small time span due to the primary pressure decrease by the LPI actuation. As for the SG U-tubes in loop-A, the collapsed liquid levels began to drop at 400 s in both long and short tubes but at 800 s in medium tubes ( Figure 22 ). Nonuniform flow behaviors thus were observed in the SG U-tubes during NC. The timings of large level recovery in both medium and long tubes of the SG by the ACC coolant injection, however, were different from those in the test with the release of dissolved nitrogen gas. Continuous two-phase NC led to no core uncovery and heatup, similar to the test with the release of dissolved nitrogen gas ( Figure 23 ). The primary loop flow rate after the ACC actuation was larger than that in the test with the release of dissolved nitrogen gas due to larger ACC flow rate because of lower pressure at the cold leg (Figures 21 and  23 ). The primary and SG secondary-side pressures decreased to 0.9 and 0.8 MPa, respectively, resulting in the LPI actuation and a well-cooled core at 2800 s ( Figures 20 and 21(b) ).
For a value of 0.61 for two-phase discharge flow, the timeintegrated break flow was overpredicted during two-phase flow discharge period (Figure 18 ). In the analysis, the cold leg became full of liquid again after the ACC actuation, unlike the LSTF test (Figure 19 ). The timings of the LPI actuation and the ACC completion were earlier in the analysis than those in the LSTF test (Figure 20) . By adjusting to be 0.45, the timings of the LPI actuation and the ACC completion as well as the break flow rate were in reasonably good agreement with those in the LSTF test. The code reproduced the experimental observation that the cold leg was not full of liquid after the ACC actuation. Most of the overall trends of the major thermal-hydraulic responses were predicted by using of 0.45, as shown in Figures 21-23 .
The code well predicted that the primary pressure became slightly higher than the SG secondary-side pressure after the ACC actuation ( Figures 20 and 21(b) ). The following discrepancies appeared between the LSTF test and posttest analysis results for the collapsed liquid levels in the SG Utubes in loop-A (Figure 22 ). In the LSTF test, there were gradual level recovery in the SG short tubes and sudden level recovery in other instrumented tubes after the ACC actuation. In the analysis, on the other hand, no significant level change occurred in any of the modeled tubes after the ACC actuation. Insufficient prediction of nonuniform flow among the SG U-tubes during the NC was similar to the posttest analysis for the test with the release of dissolved nitrogen gas. In the analysis only, large fluctuations appeared in the ACC flow rate (Figure 20) . The code underpredicted the cold leg liquid level and the primary loop flow rate during the ACC coolant injection period (Figures 19, 20, and 23) . 
Conclusions
Two ROSA/LSTF tests related to the new safety system for a PWR were conducted simulating cold leg SBLOCAs with 2-inch diameter break using an early SG secondaryside depressurization with or without the release of nitrogen gas dissolved in ACC water. The SG depressurization was initiated by fully opening the depressurization valves in both SGs immediately after a safety injection signal. Flow capacity of the SG depressurization valve at a certain SG secondaryside pressure was almost twice that of a SG relief valve in the reference PWR of the LSTF. Auxiliary feedwater was injected into the secondary side of both SGs about 2 min after the safety injection signal. The results of the LSTF tests were compared with those of the RELAP5 posttest analysis to clarify the remaining subjects. Major results are summarized as follows:
(1) The difference between the primary and SG secondary pressures after the actuation of ACC system was larger in the test with the dissolved gas release than that in the test without the dissolved gas release. Nonuniform flow occurred among the SG U-tubes during NC. Two-phase NC has continued even under the dissolved gas release because of liquid level formation at the hot leg and no complete draining of coolant in the SG U-tubes. The primary loop flow rate after the ACC actuation, however, was smaller in the test with the dissolved gas release than that in the test without the dissolved gas release. There were no core uncovery and heatup because of the ACC coolant injection and two-phase NC. The actuation of LPI system contributed to long-term core cooling.
(2) The RELAP5 code predicted most of the overall trends of the major thermal-hydraulic responses after adjusting a break discharge coefficient for two-phase discharge flow under the assumption of releasing all the dissolved gas at the vessel upper plenum. The RELAP5 code, however, has remaining problems in the predictions of the cold leg liquid level, the SG U-tube collapsed liquid levels, and the primary loop flow rate. The RELAP5 posttest analysis showed that the dissolved gas accumulates in the SG U-tubes, similar to the estimation based on the measured data obtained from the LSTF test.
Nomenclature
ACC: Accumulator :
B r eakd i sc h a r g ec oe ffi c ie n t :
Initial relative mean concentration of dissolved nitrogen gas :
Initial mean concentration of dissolved nitrogen gas :
Saturated concentration of dissolved nitrogen gas ECCS: Emergency core cooling system : H e n ry ' sl a wc o n s t a n t LPI:
Low-pressure injection LSTF:
Large scale test facility : Sampledwatermass NC:
Natural circulation :
Cover gas pressure PWR:
Pressurized water reactor ROSA:
Rig of safety assessment SBLOCA: Small-break loss-of-coolant accident SG: Steam generator : Water temperature : Amount of sampled gas.
